Introduction
Chronic myeloid leukemia (CML) used to be the leading indication for allogeneic hematopoietic cell transplantation (HCT) from unrelated donors, reflecting poor options for prolonged disease control with available medical therapy. 1 However, initial reports of frequent cytogenetic responses with imatinib mesylate (IM, Gleevec or Glivec, Novartis, East Hanover, NJ) were published in 1999, and follow-up of patients treated only with IM indicates that rates of complete cytogenetic and major molecular responses are high and durable, whereas drug toxicity is low. 2 The U.S. Food and Drug Administration approved IM in May 2001, and its widespread availability has changed CML treatment. Major position statements now recommend allogeneic HCT only after a trial of IM, [3] [4] [5] and there has been a dramatic decrease in the number of allogeneic transplantation procedures for CML. 6 Almost all persons with CML in economically advantaged countries will be treated with IM before considering HCT. 7, 8 Because detectable CML tends to reappear if IM is stopped, IM therapy cannot be considered curative at this time, leading to the general recommendation that IM be continued indefinitely. 4 Median follow-up in the large IM studies is approximately 6 years. 2, 9 Ablative allogeneic HCT is the curative therapy with the longest track record for CML. Data from large studies report 5-year disease-free survival rates of 60% to 80% 10 and 20-year survival rates of 40%. 11 A potential risk is that the widespread and prolonged use of IM will compromise the excellent outcomes obtained with allogeneic transplantation. Poorer long-term outcomes could result from direct drug toxicity, 12 compromised organ function, 13 immune dysfunction, 14 selection of resistant or more aggressive clones before transplantation, a delay in transplantation beyond one year from diagnosis, more advanced disease at the time of transplantation, or inability (because of age, inability to find a donor, limited insurance coverage, etc) to undergo transplantation once disease progresses.
Several retrospective studies have suggested no increase in treatment-related mortality if patients receive IM before allogeneic HCT. [15] [16] [17] [18] [19] [20] However, most of these studies reported smaller numbers of patients with heterogeneous characteristics, and the populations were high risk so that subtle alterations in morbidity and mortality from IM may have not been detected.
The resources and volume of cases reported to the Center for International Blood and Marrow Transplant Research (CIBMTR) provide a means to overcome some of these limitations. Therefore, we analyzed observational data to assess whether exposure to IM before allogeneic HCT is associated with higher or lower treatmentrelated mortality, relapse, and overall survival compared with patients not exposed to IM before transplantation.
Methods

Data sources
The National Marrow Donor Program (NMDP) provides unrelated donor stem cells to facilitate transplantations throughout the world and maintains a longitudinal outcomes database on the procedures it facilitates. A formal affiliation of the research division of the NMDP, the International Bone Marrow Transplant Registry, and the Autologous Blood and Marrow Transplant Registry led to establishment of the CIBMTR in 2004. The CIBMTR is a voluntary working group of more than 450 transplantation centers worldwide that contribute detailed data on consecutive allogeneic HCTs to the Statistical Center at the Medical College of Wisconsin in Milwaukee or the NMDP Coordinating Center in Minneapolis. Approximately two thirds of all active transplantation centers worldwide report data to the registry. The registry database includes information on 40% to 45% of all patients who have received an allogeneic transplantation since 1970, with annual updates. The CIBMTR collects data at 2 levels: registration and research. Registration data include disease type, age, sex, pretransplantation performance status, disease stage and chemotherapy-responsiveness, date of diagnosis, donor and graft type (bone marrow-and/or blood-derived stem cells), high-dose conditioning regimen, posttransplantation engraftment, disease recurrence and survival, development of a new malignancy, and cause of death. Requests for data on disease recurrence or death for registered patients are at 6-month intervals. All CIBMTR centers contribute registration data on all patients. Research data are collected on subsets of registered patients selected using a weighted randomization scheme, including comprehensive pretransplantation and posttransplantation clinical information. Compliance is assessed by periodic audits, and accuracy of data is ensured by computerized record checks, physician review of submitted data, and on-site audits. Observational studies conducted by the CIBMTR are done with a waiver of informed consent obtained in accordance with the Declaration of Helsinki and in compliance with Health Insurance Portability Accountability Act regulations as determined by the Institutional Review Board and Privacy Officer of Medical College of Wisconsin.
Patients
Eligible subjects were patients undergoing first allogeneic HCT for CML between 1999 and 2004, reported to the CIBMTR. Syngeneic twin or cord blood recipients were excluded. Furthermore, to minimize potential bias, only transplantation centers providing data on 80% or more of patients receiving IM and also transplanting patients who did not receive pretransplantation IM during the study period were included.
Data collection
In addition to standard CIBMTR forms, teams completed a 3-page supplementary data form on subjects who received IM before HCT. A total of 476 of 702 requested forms were completed (67.8%). Comparison of patients for whom supplementary data were and were not available showed form completion was associated with cytomegalovirus (CMV)-negative donor and recipient serologic status, white race, traditional ablative preparative regimens, and later-stage disease. However, forms completion was most predicted by transplantation center, with centers either submitting all or none of their supplementary forms, suggesting that forms completion is primarily a center characteristic (data not shown).
Data were derived from both registration forms (which collect abbreviated information) and full research forms. Some details, such as posttransplantation organ toxicities, are requested only on the full research forms.
Definitions
Early phase disease was considered first chronic phase, regardless of duration. Advanced disease phase included accelerated phase, second or later chronic phase, and blast crisis according to CIBMTR criteria. Patients receiving IM before HCT were designated IM ϩ , whereas patients not receiving IM were IM Ϫ . Treatment-related mortality (TRM) was defined as death resulting from any cause while CML was in remission. Acute graft-versus-host disease (GVHD) grades II to IV and extensive chronic GVHD were classified according to CIBMTR criteria. Relapse of CML was defined by hematologic or cytogenetic evidence of disease. Data on molecular evidence of relapsed disease were not available. Leukemia-free survival was considered the time to death or relapse, whereas overall survival was calculated from the day of graft infusion. The European Blood and Marrow Transplantation (EBMT) risk score was calculated based on donor type, disease stage, patient age, donor-recipient sex match, and interval between diagnosis and HCT. 21 
Statistical analysis
Patient-, disease-, and transplantation-related factors were compared between groups using the 2 test for categorical variables and the Wilcoxon 2-sample test for continuous variables. The product-limit estimator proposed by Kaplan-Meier was used to estimate the median and range of the follow-up time. The probabilities of overall survival and leukemia-free survival for all patients were calculated using the Kaplan-Meier estimator, with the variance estimated by Greenwood's formula. Patients were censored at date of last known follow-up. Cumulative incidence estimates were calculated for other endpoints to account for competing risks. 22, 23 Data were analyzed using the Cox proportional hazards regression model with a multivariate analysis performed to identify clinical variables that were associated with particular outcomes. Potential interactions between significant covariates were assessed and were not present. Because of multiple testing, a P value less than .01 was considered statistically significant.
All multivariate analyses were adjusted for statistically significant covariates using stepwise forward-backward selection. Potential covariates included patient age, sex and race, Karnofsky performance status, time from diagnosis to HCT, donor type, donor-recipient sex match and CMV serologic status, human leukocyte antigen (HLA) matching grade, type of conditioning regimen, graft source, year of transplantation, and GVHD prophylaxis regimen. The imatinib exposure variable (IM ϩ vs IM Ϫ ) was included in all models, which included both populations.
Separate analyses were conducted for patients transplanted in first chronic phase and those with more advanced disease. In a separate subgroup analysis, factors associated with survival and TRM were assessed among patients in the IM ϩ group. Potential predictors included reason for proceeding to HCT, best response to IM before HCT, duration of IM treatment, and interval between IM discontinuation and HCT, in addition to the other potential clinical predictors listed in the preceding paragraph. Adequate details about cytogenetic and molecular burden of disease just before transplantation were not available.
Because of concern about possible selection bias in the types of patients undergoing HCT over the course of the study, a matched pairs analysis was also conducted. IM ϩ and IM Ϫ patients were matched based on time from diagnosis to transplantation (Ϯ 3 months), degree of HLA matching, graft type, and sex matching. For the first chronic phase group, the matched pairs analysis included 143 IM ϩ and 236 IM Ϫ patients. For the advanced disease group, this analysis included 216 IM ϩ and 216 IM Ϫ patients.
Results
Patient characteristics
The final dataset included information from 82 teams reporting 409 patients receiving IM before HCT (IM ϩ ) and 900 patients who did not receive IM before HCT (IM Ϫ ). Table 1 shows the characteristics of 185 IM ϩ subjects and 675 IM Ϫ controls transplanted in first chronic phase. IM ϩ subjects had a longer time from diagnosis to transplantation and a higher percentage of unrelated donors, reduced intensity conditioning, and peripheral blood. They were transplanted more recently and had higher EBMT scores. There were no differences in age, sex, sex match, race, Karnofsky performance status, and donor-recipient CMV serologic status. Hematologic control at time of HCT was better in the IM ϩ group as shown by the statistically decreased white blood counts, platelet counts, and percentage of blasts. Details of IM administration and response in the subset who received IM before HCT are presented in Table S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article). Approximately half (48%) of the IM ϩ group received less than 400 mg/day IM. This is not because of pediatric patients, as 86% of patients in this category were more than 18 years old. Most (90%) of the IM ϩ group had at least a hematologic response before HCT with 9% achieving molecular response before transplantation. The majority (n ϭ 97, 54%) planned to proceed to HCT regardless of response to IM, whereas 17 (9%) underwent HCT because of IM intolerance or IM therapy failure (n ϭ 66, 37%). The median duration of IM therapy was 9 months (range, 0.2-55 months) with 90% receiving IM for less than 24 months. Approximately half (n ϭ 94, 51%) received IM within 2 weeks of HCT. Twenty-nine patients (16%) received IM after HCT, primarily for persistent disease or relapse. Table 1 shows the characteristics of 224 IM ϩ subjects and 225 IM Ϫ controls with advanced disease. IM ϩ subjects had a longer time from diagnosis to transplantation, higher percentage of unrelated donors, and were more probably to receive peripheral blood. They were transplanted more recently and had higher EBMT scores. However, the proportions with accelerated phase, second chronic phase, and blast crisis were similar between IM ϩ and IM Ϫ patients (P ϭ .65). Hematologic control was better in the IM ϩ group at the time of HCT with lower white blood counts, platelet counts, and percentage of blasts. Most (84%) of the IM ϩ group had at least a hematologic response before HCT with 6% achieving molecular response. The majority (n ϭ 114, 51%) proceeded to HCT because of IM therapy failure, although 95 (43%) underwent planned HCT. The median duration of IM therapy was 8 months (range, 1-60 months) with 90% receiving IM for less than 30 months. Approximately half (n ϭ 117, 52%) received IM within 2 weeks of HCT (Table S1 ).
Outcomes among early-stage patients
The unadjusted survival estimates for IM ϩ and IM Ϫ patients in first chronic phase were 79% versus 74% at 1 year (P ϭ .08) and 72% versus 65% at 3 years (P ϭ .07). In both the multivariate models adjusted for clinical characteristics (relative risk (RR) ϭ 0.63; 95% confidence interval [CI] , 0.46-0.88; P ϭ .006; Table 2; Figure 1 ) and the matched pairs analysis (RR ϭ 0.48; 95% CI, 0.31-0.75; P ϭ .001; Table 3 ), exposure to IM before HCT was associated with better survival. Other factors statistically associated with better survival were better donor-recipient HLA matching, use of bone marrow instead of peripheral blood, and transplantation within the first year after diagnosis instead of beyond the first year. However, leukemia-free survival (LFS) was not significantly different between IM ϩ and IM Ϫ patients (RR ϭ 0.89; 95% CI, 0.68-1.15, P ϭ .36), perhaps explained by a trend toward lower TRM (RR ϭ 0.70; 95% CI, 0.49-0.98; P ϭ .04) and higher relapse (RR ϭ 1.54; 95% CI, 1.02-2.35; P ϭ .04) in the IM ϩ group (Table  4) . Univariate analyses for overall survival and TRM for patients in first chronic phase are available in Table S2 .
Cumulative rates of acute and chronic GVHD were similar in univariate analyses and confirmed in multivariate models. Specifically, grades II to IV acute GVHD rates were 43% (IM ϩ ) and 42% (IM Ϫ ; P ϭ .94). Extensive chronic GVHD occurred in 55% of IM ϩ and 53% of IM Ϫ patients by 3 years (P ϭ .62).
To further explore the observed association between IM before HCT and better survival, separate models excluded 264 patients less than 30 years old or 118 recipients of reduced intensity conditioning regimens. Results were consistent with the full dataset despite exclusion of these groups. We also evaluated whether the best dichotomy for time from diagnosis to transplantation was still 12 months. Model fitting suggested a slightly more optimal cut-point of 15 to 16 months, but this change would not affect the other parameters in the model so the standard cutoff of 12 months was used in subsequent analyses.
We could not evaluate organ-specific toxicities after HCT. Evaluation of listed causes of death did not reveal any obvious differences between IM ϩ and IM Ϫ patients (data not shown).
Outcomes among advanced-disease patients
In patients with advanced CML, the unadjusted survival estimates for IM ϩ and IM Ϫ patients were 48% for both at 1 year and 36% versus 34%, P ϭ .61 at 3 years. The multivariate models did not identify differences in survival, LFS, TRM, or relapse according to whether IM was given before HCT (Table 5) . Univariate rates of grades II to IV acute GVHD were similar, 49% versus 48%, P ϭ .78 for IM ϩ and IM Ϫ patients, respectively, confirmed in the multivariate analysis (RR ϭ 0.89; 95% CI, 0.70-1.14; P ϭ .37). Unadjusted rates of chronic GVHD were higher in IM ϩ patients at both 1 year (52% vs 41%, P ϭ .02) and 3 years (54% vs 42%, P Ͻ .001), but not in the multivariate time to event analysis (RR ϭ 1.31; 95% CI, 0.98-1.75; P ϭ .07).
Predictors of survival in patients with early-stage disease receiving IM before HCT
It was of interest to see which variables predicted survival in patients with early-stage disease receiving IM before HCT. The characteristics of this group according to the reason to proceed to HCT are presented in the online appendix (Table S3 ), whereas Figure 2 shows unadjusted survival curves. Ninety-seven (53.8%) underwent a planned transplantation, whereas IM intolerance (n ϭ 17, 9.4%) and IM failure or no response (n ϭ 66, 36.7%) were the listed reasons for HCT for the rest. Note that P values presented in the Table S3 compared planned transplantation to IM Failure/No response, as the small number (n ϭ 17) transplanted for IM intolerance precludes comments on the characteristics and outcomes of this group.
Patients undergoing planned transplantation tended to be younger, have unrelated donors, receive myeloablative conditioning and bone marrow, have a shorter interval between diagnosis and transplantation and lower EBMT scores than patients transplanted for IM failure or no response. However, hematologic control at (17) 46 (20) 31-40 42 (23) 193 (29) 53 (24) 65 (29) 41-50 50 (27) 177 (26) 66 (29) 58 (26) Ͼ 50 31 (17) 103 (15) 66 (29) (23) 154 (23) 44 (20) 46 (20) Female-male 35 (19) 147 (22) 49 (22) 52 (23) Female-female 39 (21) 132 (20) 38 (17) 41 (18 (20) 93 (42) 43 (19) Partially matched 26 (14) 135 (20) 50 (22) 57 (26) Mismatch 13 (7) 82 (12) 18 (8) 25 (11) Unknown 9 (5) 33 (5) 16 (7) 23 (10 (11) 82 (13) 20 (9) 31 (15) Ϫ/ϩ 41 (24) 133 (21) 65 (31) 43 (21) Ϫ/Ϫ 69 (40) 193 (31) 61 (29) (23) 76 (11) 49 (22) 46 (20) Patient-related variables include number, age, age at transplantation, sex, race, and Karnovsky score at transplantation. Disease-related variables include time from diagnosis to transplantation, EBMT score, and disease stage (pretransplantation). All remaining variables are transplantation-related.
CIBMTR indicates Center for International Blood and Marrow Transplant Research; EBMT, European Blood and Marrow Transplantation; HLA, human leukocyte antigen; GVHD, graft-versus-host disease; MTX, methotrexate; CsA, cyclosporine; FK506, tacrolimus; and HCT, hematopoietic cell transplantation.
*Chi-square test for discrete covariates; Kruskal-Wallis test for continuous covariates. †Other GVHD prophylaxis (n ϭ 17); MTX (n ϭ 5); Tacrolimus ϩ MTX (n ϭ 4); Cortice Steroid ϩ MTX (n ϭ 3); Cellcept ϩ MTX (n ϭ 2); Rapamycin ϩ MTX (n ϭ 2); Cyclophosphamide (n ϭ 1).
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Multivariate models for survival and TRM were created for patients receiving IM and transplanted in first chronic phase (n ϭ 180). Potential predictors included reason for proceeding to HCT, best response to IM before HCT, duration of IM treatment, and interval between IM discontinuation and HCT, in addition to the other potential clinical predictors. HLA matching status was the only variable associated with survival and TRM (data not shown). Specifically, reason to proceed to HCT, the variables making up the EBMT score, and the IM variables were not associated with these outcomes. Multivariate models including all IM ϩ patients, both early and advanced phase disease, were created for survival and TRM (n ϭ 391). HLA match and CML disease phase were the only significant predictors of both survival and TRM; none of the IM-associated variables was associated with survival or TRM in advanced-phase patients (data not shown). (2) 472 (70) 12 (5) 141 (63) 2001-2002 51 (28) 163 (24) 88 (39) 47 (21) 2003-2004 131 (71) 40 (6) 124 (55) 37 (16) GVHD prophylaxis 185 675 Ͻ .001 224 225 Ͻ .001
MTX ϩ CsA Ϯ others 91 (49) 446 (66) 104 (46) 132 (59) FK506 ϩ MTX Ϯ others 55 (30) 75 (11) 71 (32) 31 (14) CsA Ϯ others 18 (10) 75 (11) 27 (12) 32 (14) FK506 Ϯ others 9 (5) 10 (1) 10 (4) 6 (3) T-cell depletion 8 (4) 51 (8) 4 (2) 15 (7) Other † 1 (1) 7 (1) 4 (2) 5 (2) None 3 (2) 11 (2) 4 (2) 4 (2) Median Patient-related variables include number, age, age at transplantation, sex, race, and Karnovsky score at transplantation. Disease-related variables include time from diagnosis to transplantation, EBMT score, and disease stage (pretransplantation). All remaining variables are transplantation-related.
*Chi-square test for discrete covariates; Kruskal-Wallis test for continuous covariates. †Other GVHD prophylaxis (n ϭ 17); MTX (n ϭ 5); Tacrolimus ϩ MTX (n ϭ 4); Cortice Steroid ϩ MTX (n ϭ 3); Cellcept ϩ MTX (n ϭ 2); Rapamycin ϩ MTX (n ϭ 2); Cyclophosphamide (n ϭ 1). 
Discussion
Results from this observational study suggest that patients in first chronic phase who received IM before HCT have better survival than patients who did not receive IM before HCT. However, LFS was similar perhaps explained by nonstatistically significant trends toward less TRM but more relapses in patients receiving IM before HCT. Among patients transplanted with more advanced disease beyond first chronic phase, there were no detectable differences in survival, LFS, TRM, relapse, or acute GVHD. Our results confirm prior observations that, for patients transplanted in first chronic phase, use of bone marrow rather than peripheral blood, 24 transplantation within the first year after diagnosis, 21 and better HLA matching between donor and recipient are also associated with improved survival. Notably, year of transplantation, intensity of conditioning regimen, patient age, and donor-recipient sex match were not identified as independent predictors for survival at P less than .01 in our analysis. Our results also appear consistent with prior studies about the lack of adverse effects observed with prior exposure to IM on the outcomes of HCT. [15] [16] [17] [18] [19] [20] However, in contrast to previous studies, we observed better survival for the group that received IM.
The population receiving IM before HCT had more unfavorable traditional prognostic characteristics than the IM Ϫ group. Specifically, IM ϩ patients had more unrelated donors, peripheral blood grafts, worse HLA matching, and a longer interval between diagnosis and transplantation. They were also less probably to have myeloablative conditioning, although conditioning regimen intensity was not associated with outcome. Thus, after statistical adjustment for these adverse prognostic factors, the improved survival difference with IM exposure before HCT was accentuated compared with the unadjusted survival estimates. Because of our concern that statistical adjustment may not adequately adjust for population differences, we also conducted a separate analysis among a subset matched for time from diagnosis to transplantation (Ϯ 3 months), degree of HLA matching, graft type, and sex matching. Results were consistent with the multivariate conclusions.
As treatment and monitoring for disease status in CML becomes more sophisticated with newer tyrosine kinase inhibitors, more widespread availability of mutational analysis, and standardization of disease burden quantification using molecular techniques, we will be better able to identify patients who are not expected to do well with available nontransplantation therapies. When these patients undergo HCT, they may have been exposed to IM or other tyrosine kinase inhibitors for much longer than the median duration of exposure in this study (8-9 months) . Although we did not see any association between duration of IM exposure and outcomes in the current study, fewer than 10% of patients had been exposed to more than 30 months of IM before HCT. Additional studies evaluating longer-term use of IM before HCT, use of other tyrosine kinase inhibitors before HCT, and use of these drugs after HCT for prophylactic or preemptive treatment are necessary to address the evolving questions in CML management.
The trends toward lower rates of TRM and higher rates of relapse in patients receiving IM before transplantation are of interest. Because rates of grades II to IV acute GVHD were similar between IM ϩ and IM Ϫ patients, acute GVHD does not explain differential TRM rates. In contrast to 2 other previous reports, 18, 20 we did not see lower rates of chronic GVHD in patients receiving IM before HCT. The IM ϩ patients were more For personal use only. on July 15, 2017 . by guest www.bloodjournal.org From probably to have a nonmyeloablative conditioning regimen and be transplanted more recently. Although neither intensity of conditioning regimen nor year of transplantation was an independent predictor of any outcome, they may have contributed somewhat to the TRM differences.
Although absence of improved outcomes in patients with advanced-phase disease treated with IM before HCT may be disappointing, it is possible that availability of IM has allowed more patients with advanced disease to attain disease control to undergo HCT. Within the limited time frame of this study, there was no meaningful evidence to support this contention as the number of transplantations for advanced phase disease and the spectrum of disease phases was relatively constant. It is also important to emphasize that because IM was not associated with improved outcomes in patients with advanced disease, it is especially important that patients undergo HCT before they experience progression for HCT to be the most successful.
Because most patients now receive IM or another tyrosine kinase inhibitor starting when CML is diagnosed, most will be exposed to IM before HCT. Our results suggest that treatment with IM, as long as patients remain in first chronic phase at the time of HCT, is not detrimental and may even be associated with benefits. For personal use only. on July 15, 2017 . by guest www.bloodjournal.org From
